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(57) ABSTRACT

To provide an electrolyte easily manufactured at low cost, and
a power storage device including such an electrolyte. The
power storage device includes a positive electrode having a
positive electrode current collector and a positive electrode
active material, a negative electrode having a negative elec-
trode current collector and a negative electrode active mate-
rial, and an celectrolyte having 1-piperidine-1-propane-
sulfonic acid or 1-piperidine-1-butanesulfonic acid, which 1s
provided between the positive electrode and the negative
clectrode. The capacitance can be increased when water 1s
added to the obtained electrolyte and the temperature of the
power storage device rises.

20 Claims, 4 Drawing Sheets
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1
POWER STORAGE DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

One embodiment of the disclosed invention relates to a
power storage device.

2. Description of the Related Art

In recent years, environmental destruction is becoming,
serious around the world and a global-scale solution 1s
required, which increases the importance of establishing and
implementing the countermeasures. Consequently, effective
use of energy, improvement in energy-saving technology, and
development of new technology have been actively promoted
at home and abroad by public and private sectors.

In terms of such effective use of energy, improvement in
energy-saving technology, and development of new technol-
ogy, secondary batteries (also referred to as batteries) and
power storage devices such as electrochemical capacitors
have attracted attention.

As the electrochemical capacitors, for example, an electric
double-layer capacitor (EDLC) to which the principle of an
electric double layer 1s applied 1s known. The electric double
layer 1s a pair of charge layers having opposite polarities,
which 1s formed at the interface between a conductor and an
clectrolyte solution when the conductor 1s immersed 1n the
clectrolyte solution. An element 1n which electric energy 1s
physically stored in the electric double layer 1s an electric
double-layer capacitor.

As compared to this electric double-layer capacitor, 1n a
redox capacitor using oxidation and reduction of an electrode
active material, oxidation and reduction reactions of an elec-
trode active material can be utilized in addition to the power
storage mechanism of the electric double-layer capacitor.
Therefore, a redox capacitor has a larger storage capacitance
than an electric double-layer capacitor. Another feature of a
redox capacitor 1s to have a higher output than a secondary
battery.

Further, an electrochemical capacitor using a solid electro-
lyte as an electrolyte has also been researched. It 1s known
that, for example, a proton-conducting material (e.g., cesium
hydrogen sulfate (CsHSQ,,), see Patent Document 1), an 1onic
liquid (see Patent Document 2), or a conductive polymer (see
Patent Document 3) 1s researched to be used as a solid elec-
trolyte. Manufacturing process of such an electrolytic mate-
rial 1s complicated, and might require high cost.
| Reference]
| Patent Documents|
| Patent Document 1] Japanese Published Patent Application

No. 2004-2477646
[Patent Document 2] PCT International Publication No.

W0O2005/036573

| Patent Document 3] Japanese Published Patent Application
No. 2003-142343

SUMMARY OF THE INVENTION

An object of one embodiment of the disclosed invention 1s
to provide an electrolyte which 1s easily manufactured at low
cost, and a power storage device including such an electro-
lyte.

In view of the above problem, according to one embodi-
ment of the disclosed invention, a novel material 1s easily
manufactured at low cost for an electrolyte of a power storage
device. According to another embodiment of the disclosed
invention, a power storage device 1s manufactured using the
obtained electrolyte.
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One embodiment of the disclosed invention i1s a power
storage device including a positive electrode having a positive
clectrode current collector and a positive electrode active
material, a negative electrode having a negative electrode
active material and a negative electrode current collector, and
an electrolyte having 1-piperidine-1-propanesulfonic acid
which 1s provided between the positive electrode and the
negative electrode.

Another embodiment of the disclosed invention 1s a power
storage device including a positive electrode having a positive
clectrode current collector and a positive electrode active
material, a negative electrode having a negative electrode
active material and a negative electrode current collector, and
an electrolyte having 1-piperidine-1-butanesulfonic acid
which 1s provided between the positive electrode and the
negative electrode.

In any of the embodiments of the disclosed invention, the
clectrolyte includes water.

In any of the embodiments of the disclosed invention, the
clectrolyte 1s manufactured by ring-openming reaction of a
molecular unit dertved from a cyclic acid ester and adding 1t
to a nitrogen atom of a secondary amine and six-membered
cyclic amine molecular unit.

In any of the embodiments of the disclosed invention, the
cyclic acid ester 1s 1,3-propanesultone, and the secondary
amine and six-membered cyclic amine are piperidine.

In any of the embodiments of the disclosed invention, the
cyclic acid ester 1s 1,4-butanesultone, and the secondary
amine and six-membered cyclic amine are piperidine.

According to one embodiment of the disclosed 1invention,
with use of piperidine which 1s a secondary amine and a
six-membered cyclic amine and 1,3-propanesultone which 1s
a cyclic acid ester, 1-piperidine-1-propanesulfonic acid
(PPPS) which can be used for an electrolyte of a power
storage device can be one-pot synthesized at high vield.

In addition, a power storage device using the PPPS for an
clectrolyte can be easily manufactured at low cost.

Furthermore, according to one embodiment of the dis-
closed invention, with use of piperidine which 1s a secondary
amine and a six-membered cyclic amine and 1,4-butanesul-
tone which 1s a cyclic acid ester, 1-piperidine-1-butane-
sulfonic acid which can be used for an electrolyte of a power
storage device can be one-pot synthesized at high yield.

In addition, a power storage device using 1-piperidine-1-
butanesulifonic acid for an electrolyte can be easily manufac-
tured at low cost.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1A 1s a perspective view of a power storage device,
and FIGS. 1B to 1D are cross-sectional views illustrating
manufacturing steps of the power storage device;

FIG. 2 1s a graph showing a result of cyclic voltammetry
measurement;

FIG. 3 1s a graph showing a result of cyclic voltammetry
measurement; and

FIG. 4 1s a graph showing a result of cyclic voltammetry
measurement.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the mvention disclosed 1n this specifica-
tion will be described below with reference to drawings. Note
that the invention disclosed 1n this specification can be imple-
mented 1n a variety of different modes, and 1t 1s apparent to
those skilled in the art that modes and details can be modified
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1in various ways without departing from the spirit and scope of
the mvention disclosed 1n this specification. Theretfore, the

invention 1s not construed as being limited to the description
of the embodiments. Note that in the drawings shown below,
like portions or portions having a similar function are denoted
by like reference numerals, and the description thereof 1s
omitted.

|[Embodiment 1 |

Embodiment 1 will be described with reference to FIGS.
1A to 1D and FIG. 2, FIG. 3, and FIG. 4.

In this embodiment, a redox capacitor 1s used as a power
storage device.

FIG. 1A 1s a perspective view of a redox capacitor of this
embodiment. The redox capacitor 1s a capacitor utilizing a
reduction reaction (gain of electrons) and an oxidation reac-
tion (loss of electrons).

The redox capacitor of this embodiment includes a first
current collector 101, a first active material 102, a solid elec-
trolyte 103, a second active material 104, and a second current
collector 1035. The first current collector 101 and the first
active material 102 form a first electrode, and the second
current collector 105 and the second active material 104 form
a second electrode. One of the first electrode and the second
clectrode 1s a positive electrode and the other 1s a negative
clectrode.

As a material for the first current collector 101 and the
second current collector 105, platinum, aluminum, copper,
carbon, or the like can be used. In this embodiment, a carbon
plate 1s used as the first current collector 101 and the second
current collector 105.

As the first active material 102 and the second active mate-
rial 104, it 1s possible to use, for example, ruthenium oxide
(IV) (Ru0O,), manganese oxide (IV) (MnQO,), poly(3,4-ethyl-
enedioxythiophene) (abbreviation: PEDOT), Ti0,, V,0,,
CoO,, NiO, Ruy, 7Zr,-0,, SrRu0O;, Laj,/Sr,.Ru0s;,
La, ,Sr, {Mn, ,Ru, O;, Pb,Ru,Of ., or W—T11—V—0. In
this embodiment, ruthenium oxide (RuQ,) 1s used as the first
active material 102 and the second active material 104.

As the solid electrolyte 103 1n this embodiment, 1-piperi-
dine-1-propanesulfonic acid (PPPS) (Chemical Formula 1) 1s
used. A synthesis method of 1-piperidine-1-propanesulionic
acid (PPPS) (Chemical Formula 1) will be described below.

|Chemical Formula 1]

First, 4.25 g (50 mmol) of piperidine (Chemical Formula 2)
which 1s a secondary amine 1s dissolved in 20 ml of ethyl
acetate (CH,CO,C,H.), so that a liquid melt A 1s obtained.

|Chemical Formula 2]

7T

N

Further, 6.10 g (50 mmol) of 1,3-propanesultone (Chemi-
cal Formula 3) which 1s a cyclic acid ester 1s dissolved 1n 20
ml of ethyl acetate (CH,CO,C,Hx), so that a liquid melt B 1s
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4

obtained. While stirred at room temperature, the liquid melt B
1s added to the liquid melt A gradually.

O
\S Y
/ Xg

O

|Chemical Formula 3|

A solution 1n which the liguid melt B 1s added to the liquid
melt A 1s stirred for about one hour. After the solution in
which the liquid melt B 1s added to the liquid melt A 1s stirred
for about one hour, a white precipitate 1s produced. The solu-
tion 1s stirred further for 12 hours so that the white precipitate
1s obtained; then, the solution 1n which the liquid melt B 1s

added to the liquid melt A 1s filtered and the obtained white
precipitate 1s washed with ethyl acetate plural times.

After the white precipitate 1s washed with ethyl acetate
plural times, the white precipitate 1s dried under reduced
pressure at 50° C. As the result of the drying under reduced
pressure, 1-piperidine-1-propanesulfonic acid (PPPS)
(Chemical Formula 1) which 1s a white powder can be
obtained at a yield of 97%.

Pressure 1s added to the obtained white powdery PPPS 1n a
pellet mill, whereby a pellet 1s formed. The obtained pellet 1s
used as the solid electrolyte 103.

Alternatively, as the solid electrolyte 103 1n this embodi-
ment, 1-piperidine-1-butanesulfonic acid (Chemical Formula
4)ymay beused. A synthesis method of 1-piperidine-1-butane-
sulfonic acid (Chemical Formula 4) will be described below.

|Chemuical Formula 4|

First, 6.80 g (50 mmol) of 1,4-butanesultone (Chemical
Formula 5) which 1s a cyclic acid ester 1s dissolved 1n 20 ml of
ethyl acetate (CH,CO,C,H.), so that a liquid melt C 1s
obtained. While stirred at room temperature, the liquid melt C
1s added to the liquid melt A gradually.

Ao
\S,,{
/ X0

O

A solution in which the liguid melt C 1s added to the liquid
melt A 1s heated and refluxed for two hours at 60° C. to 70° C.
As the result of the heating and refluxing, a white precipitate
1s produced. After the heating and refluxing, the solution may
be stirred for 12 hours at room temperature.

After the white precipitate 1s obtained, the solution 1n
which the liquid melt C 1s added to the liquid melt A 1s filtered
and the obtamned white precipitate 1s washed with ethyl
acetate plural times.

After the obtained white precipitate 1s washed with ethyl
acetate plural times, the white precipitate 1s dried under
reduced pressure at 50° C. As the result of the drying under

|Chemuical Formula 5
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reduced pressure, 1-piperidine-1-butanesulfonic acid
(Chemical Formula 4) which 1s a white powder can be
obtained at a yield of 72%.

Pressure 1s added to the obtained white powdery 1-piperi-
dine-1-butanesulionic acid in a pellet mill, whereby a pelletis
formed. The obtained pellet 1s used as the solid electrolyte
103.

The aforementioned material for the first active materal
102 and the second active material 104 1s applied on both ends
of the pellet which 1s the solid electrolyte 103 obtained in the
alorementioned manner (see FIG. 1B).

Then, the first current collector 101 and the second current
collector 105 are provided in contact with the first active
material 102 and the second active material 104, respectively
(see FIG. 1C). Through the above steps, a redox capacitor
which 1s a power storage device 1s manufactured.

Alternatively, a redox capacitor may be manufactured in a
manner illustrated in FIG. 1D: the first current collector 101,
the first active material 102, the solid electrolyte 103, the
second active material 104, and the second current collector
1035 are stacked over a substrate 107.

As the substrate 107, it 1s possible to use not only a glass
substrate, but also an msulating substrate such as a ceramic
substrate, a quartz substrate, or a sapphire substrate, a semi-
conductor substrate made of a semiconductor such as silicon
or gallium arsenide, or the like. In the case where a semicon-
ductor substrate 1s used, an insulating layer may be formed
between the substrate 107 and the first current collector 101.

FIG. 2 to FIG. 4 show results of cyclic voltammetry (CV)
measurement of the redox capacitor obtained 1n the afore-
mentioned manner.

FIG. 2 shows a result of CV measurement at room tem-
perature 1n the case where the solid electrolyte 103 of the
obtained redox capacitor 1s not humidified, namely, in the
case where water 1s not added to the solid electrolyte 103. In
the case where the solid electrolyte 103 1s not humidified, the
redox capacitor has almost no capacitance. In other words, the
redox capacitor hardly has proton-conducting properties.

FIG. 3 shows a result of CV measurement at room tem-
perature 1n the case where the solid electrolyte 103 of the
obtained redox capacitor 1s humidified, namely, in the case
where water 1s added to the solid electrolyte 103. As shown in
FIG. 3, the obtained redox capacitor has capacitance and
functions as a redox capacitor. In other words, the redox
capacitor has proton-conducting properties.

Furthermore, the obtained redox capacitor, which includes
the solid electrolyte 103 humidified, i1s heated on a hot plate.
As the temperature rises, the capacitance of the redox capaci-
tor increases (see FIG. 4).

As described above, FIG. 2 to FIG. 4 show that the capaci-
tance can be increased when water 1s added to the solid
clectrolyte 103 and the temperature of the redox capacitor
rises.

As described 1n this embodiment, with use of piperidine
which 1s a secondary amine and a six-membered cyclic amine
and 1,3-propanesultone which 1s a cyclic acid ester, 1-piperi-
dine-1-propanesulionic acid (PPPS) which can be used for an
clectrolyte of a power storage device can be one-pot synthe-
s1zed at high yield.

In addition, a power storage device using PPPS for an
clectrolyte can be easily manufactured at low cost.

Furthermore, as described 1n this embodiment, with use of
piperidine which 1s a secondary amine and a six-membered
cyclic amine and 1,4-butanesultone which i1s a cyclic acid
ester, 1-piperidine-1-butanesulionic acid which can be used
for an electrolyte of a power storage device can be one-pot
synthesized at high yield.
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In addition, a power storage device using 1-piperidine-1-
butanesulionic acid for an electrolyte can be easily manufac-
tured at low cost.

This application 1s based on Japanese Patent Application
serial no. 2009-228400 filed with Japan Patent Oflice on Sep.
30, 2009, the entire contents of which are hereby incorporated
by reference.

What 1s claimed 1s:

1. A power storage device comprising:

a positive electrode including a positive electrode current

collector and a positive electrode active material;
a negative electrode including a negative electrode active
material and a negative electrode current collector; and

an electrolyte between the positive electrode and the nega-
tive electrode, the electrolyte including 1-piperidine-1-
propanesulifonic acid,

wherein the electrolyte includes water.

2. The power storage device according to claim 1, wherein
the positive electrode, the negative electrode and the electro-
lyte are formed over an insulating substrate.

3. The power storage device according to claim 2, wherein
the 1nsulating substrate comprises glass, ceramic, quartz or
sapphire.

4. The power storage device according to claim 1, wherein
the positive electrode, the negative electrode and the electro-
lyte are formed over a semiconductor substrate.

5. The power storage device according to claim 4, wherein
the semiconductor substrate comprises silicon or gallium ars-
enide.

6. The power storage device according to claim 1, wherein
the positive electrode current collector comprises platinum,
aluminum, copper or carbon.

7. The power storage device according to claim 1, wherein
the negative electrode current collector comprises platinum,
aluminum, copper or carbon.

8. The power storage device according to claim 1, wherein

the positive electrode active material comprises ruthentum
oxide (IV) (RuQO,), manganese oxide (IV) (MnO,), poly(3.4-

cthylenedioxithiophene), Ti10,, V,0O,, CoO,, NiO,
Ru, 71, O, SrRuQ),, La, .51, JRuQ,,
La, ,Sr, ;Mn, -Ru, cO5, Pb,Ru,O, ., or W—T1—V—0.

9. The power storage device according to claim 1, wherein

the negative electrode active material comprises ruthenium
oxide (IV) (RuQ,), manganese oxide (IV) (MnQO,), poly(3,4-

cthylenedioxithiophene), Ti10,, V,O,, CoO,, NiO,
Ru, Zr, <O,, SrRuQ;, La, ,Sr, RuQ;,
La, ,Sr, {Mn, ,Ru, O, Pb,Ru,O, ., or W—T1—V—0.

10. The power storage device according to claim 1, wherein
the electrolyte does not comprise lithium.

11. A power storage device comprising:

a positive electrode including a positive electrode current

collector and a positive electrode active material;
a negative electrode including a negative electrode active
material and a negative electrode current collector; and

an electrolyte between the positive electrode and the nega-
tive electrode, the electrolyte including 1-piperidine-1-
butanesulfonic acid,

wherein the electrolyte includes water.

12. The power storage device according to claim 11,
wherein the positive electrode, the negative electrode and the
clectrolyte are formed over an insulating substrate.

13. The power storage device according to claim 12,
wherein the insulating substrate comprises glass, ceramic,
quartz or sapphire.

14. The power storage device according to claim 11,
wherein the positive electrode, the negative electrode and the
clectrolyte are formed over a semiconductor substrate.
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15. The power storage device according to claim 14,
wherein the semiconductor substrate comprises silicon or
gallium arsenide.

16. The power storage device according to claim 11,
wherein the positive electrode current collector comprises
platinum, aluminum, copper or carbon.

17. The power storage device according to claim 11,
wherein the negative electrode current collector comprises
platinum, aluminum, copper or carbon.

18. The power storage device according to claim 11,
wherein the positive electrode active material comprises
ruthentum oxide (IV) (RuQO,), manganese oxide (IV)
(MnO,), poly(3,4-ethylenedioxithiophene), Ti0,, V,O.,,
CoO_, NiO, RuO, .7r,.0O,, SrRuO,, La,,Sr,Ru0,,
La, ,Sr, {Mn, ,Ru, :O;, Pb,Ru,O, ., or W—T1—V—20.

19. The power storage device according to claim 11,
wherein the negative electrode active material comprises
ruthentum oxide (IV) (RuQO,), manganese oxide (IV)
(MnQO,), poly(3,4-cthylenedioxithiophene), TiO,, V,O.,,
Co0O., NiO, Ru, 7Zr,0,, SrRuO;, La,,Sr,.Ru0s;,
La, ,Sr, {Mn, ,Ru, O, Pb,Ru,O, ., or W—T1—V—0.

20. The power storage device according to claim 11,
wherein the electrolyte does not comprise lithium.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 8,477,477 B2 Page 1 of 1
APPLICATION NO. : 12/890867

DATED : July 2, 2013

INVENTORC(S) . Kyosuke Ito et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification
Col. 3, line 35, “Lag ,»/SrosRuO;5” should read --Lag >SSty sRuO;--.

In the Claims

Col. 7, Iine 20, “Co0-" should read --CoQO--.

Signed and Sealed this
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Margaret A. Focarino
Commissioner for Patents of the United States Patent and Trademark Office
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